Abstract-In the next few years, the development of wireless communication systems propel the world into a fully connected society where the Machine-type Communications (MTC) plays a substantial role as key enabler in the future cellular systems. MTC is categorized into mMTC and uMTC, where mMTC provides the connectivity to massive number of devices while uMTC is related to low latency and ultrahigh reliability of the wireless communications. This paper studies uMTC with incremental relaying technique, where the source and relay collaborate to transfer the message to a destination. In this paper, we compare the performance of two distinct cooperative relaying protocols with the direct transmission under the finite blocklength (FB) regime. We define the overall outage probability in each relaying scenario, supposing Nakagami-m fading. We show that cooperative communication outperforms direct transmission under the FB regime. In addition, we examine the impact of fading severity and power allocation factor on the outage probability and the minimum delay required to meet the ultra-reliable communication requirements. Moreover, we provide the outage probability in closed form.
I. INTRODUCTION
The fifth generation (5G) of the cellular systems, which will be introduced in the early 2020s, outperforms the previous generations in terms of data rates and capacity, in addition to supporting new communication protocols to deal with demanding requirements such as latency, reliability and efficiency in MTC [1] . In MTC or machineto-machine communications (M2M), data is automatically exchanged between two MTC nodes or an MTC node and a server where the human cooperation is minimized [2] . 5G system outperforms current networks in terms of spectrum efficiency via decreasing the latency and guaranteeing reliability up to 99.999%. Authors in [3] discuss about the 5G technology in more details in terms of requirements and challenges such as data rate, latency, energy and cost issues.
A. Machine-Type Communication
In recent years, MTC has received much attention due to the vast applications in wireless communications via supporting transmission/reception of short data packets in comparison with the current communication systems which carry long data packets, and also being a cost-effective and energy efficient technology [4] . MTC technology facilitates wide range of applications and is characterized as massive MTC (mMTC) and ultra-reliable MTC (uMTC) [5] . In mMTC, where the blocklength is short, a huge number of devices in a certain domain are covered with low-rate and low-power connectivity, and also considerable reliability in order to cover critical situations, e.g. in sensor networks, smart meters, actuators, etc, [6] , [7] . In addition, timing constraints from few seconds to even extremely low endto-end deadlines in particular applications, are critical concerns in MTC [8] . In uMTC, the connection is supported by transferring the short data packets with ultra-high reliability and low latency, in the scope of less than a millisecond which can be a requirement in several applications such as cloud connectivity, road safety, industrial control and safe interconnection between vehicles [5] , [9] . Therefore, owing to the vast applicability of MTC with short packets in cellular network infrastructure, covering a novel wireless mode, namely ultra-high reliable communication (URC) is a critical concern in 5G [10] . Supporting the ultrahigh reliability and low latency are crucial requirements in the upcoming networks in order to improve the security, functionality and the ability of the interaction between different types of communication units such as human-tohuman, human-to-machine or machine-to-machine which creates novel business models and applications [1] .
In MTC with short packet transmissions, since the length of metadata and information bits are similar, an unsuccessful encoding of the metadata increases the performance loss in the wireless communication systems, particularly under the FB regime [9] . There are several works which have studied different aspects of FB coding. For instance, authors in [11] , provide a tight approximation of achievable coding rate for a specified outage probability under the FB transmissions since majority of the theoretical results assume infinite blocklength (IFB) codes. In [12] , authors provide an overview of some coding schemes for FB which may be used in 5G. They indicate that the performance of wireless communications with short data packets considerably enhances via novel coding schemes with better minimum distance between the codewords; albeit, the decoders become computationally more sophisticated. Furthermore, authors in [13] , study the impact of FB on the attainable coding rate. They propose a new power allocation strategy, called modified water-filling, over the AWGN channels. They succeed to maximize the lower bound of the achievable coding rate in comparison to the conventional water-filling technique in FB regime.
B. Cooperative Relaying with Finite Blocklength
In recent years, relaying has become an interesting and challenging research topic. The transmission from the source to the destination is improved with help of intermediate auxiliary nodes. Moreover, relaying is able to combat the wireless fading generated due to the multipath propagation through taking advantage of spatial diversity [14] . The most usual relaying protocol is decode-and-forward (DF), where the relay decodes, encodes and retransmits the message [14] .
Authors in [15] investigate the performance of a twophase relaying model under the FB and IFB regimes. They consider perfect CSI at the destination where the channel gains of the relaying link and the direct link are combined. They propose different schemes based on the different error scenarios where relaying has a performance advantage over the direct transmission (DT) under the FB regime, particularly when the blocklength is small. Authors in [16] propose cooperative relaying as a way to meet the high reliability and latency requirements. In [17] , authors examine the performance of a multi-relay DF protocol with FB under the perfect CSI and partial CSI. They indicate that with perfect CSI, the throughput of FB coding is higher than the throughput of IFB coding. Furthermore, in our previous work [18] , we consider cooperative relaying scenarios with perfect CSI for Rayleigh fading channels. We illustrate how the reliability improves via relaying and how we can meet the URC requirements. We examine the probability of successful transmission as a function of the number of information bits and coded blocklength. Moreover, we provide an approximation to the outage probability in closed form. We show that relaying consumes less transmit power compared to DT in order to enable URC with FB coding.
C. Our Contribution
In this paper, we further investigate the reliability of relaying under the FB regime. We study protocols, namely selection combining (SC) and maximum ratio combining (MRC), where relaying outperforms DT. Furthermore, we illustrate the superiority of MRC over SC in terms of power consumption, latency and reliability under the FB regime and, different from [15] , we present closed form expressions for the outage probability. The following are considered the contributions of this paper.
‚ We provide the general expression of the outage probability for each relaying protocol considered in this work and incremental decode-and-forward relaying under general Nakagami-m fading. Therefore, we generalize our previous work in [18] . ‚ We extend the work in [19] by comparing the MRC scenario with SC relaying. Also, a generalized closedform expression for the outage probability is attained, thus extending [20] . ‚ We show the trade-off between information payload and blocklength under the UR region as a function of the quality of the link, which is reflected by the m parameter of the Nakagami-m distribution. We examine the minimum delay in relaying schemes required to perform in the UR region. Notation: Throughout this paper, f W p¨q and F W p¨q are the probability density function (PDF) and cumulative distribution function (CDF) of a random variable (RV) W, respectively. Q´1p¨q represents the inverse of the Qfunction which is defined as Qpwq " ş 8 II. SYSTEM MODEL Consider a source S, a destination D and a relay R as illustrated in Fig. 1 . We consider a normalized distance between S and D as d " 1m, and that R can move in a straight line between S and D, while the distance between D and R is denoted by β. The links denoted as X, Y and Z represent the S-R, R-D, and S-D links respectively, and each transmission takes n i channel uses where i P tS, Ru. This means that n S channel uses for S and n R channel uses for R, respectively. In this scenario, first S sends data to D and R which is known as broadcasting phase. Thereafter, in the relaying phase, R forwards to D only if it decoded the message correctly [15] , [17] . The received signals are written as y 1 " h 1 x`w 1 and y 2 " h 2 x`w 2 at D and R respectively, and if R participates, the received signal at D is y 3 " h 3 x`w 3 , where x is the transmitted signal with power P and w i is the AWGN noise vector with power N 0 " 1 where i P tX, Y, Zu. Nakagami-m quasi static fading channels in the S-D, S-R and R-D links are denoted as h 1 , h 2 , and h 3 , respectively. In a DF-based cooperative transmission, the instantaneous SNR for each link depends on the total power constraint P " P S`PR " ηP`p1´ηqP which is given by
, where 0 ă η ď 1 and the average SNR in each link is γ Z " ηP {N 0 , γ X " ηP {N 0 and γ Y " p1´ηqP {N 0 . We consider η as the power allocation factor in order to provide a fair comparison between DT and cooperative schemes. Moreover, note that the PDF of Nakagami-m fading is a function of two parameters: the fading parameter m and the scale parameter Ω ą 0 [23] . The squared envelop is then Gamma distributed as X ∼ Gammapm i , Ω i {m i q where i P tX, Y, Zu.
A. Coding Rate and Error Probability at Finite Blocklength
In this section, we revisit the concept of coding rate under the FB regime. In a communication system, first k
Broadcasting phase Relaying phase information bits are mapped to a sequence known as the codeword with a blocklength of n symbols. Thereupon, the generated codeword is sent through the wireless channel. Subsequently, the decoder maps the channel outputs into an estimate of the information bits. Therefore, we can define the coding rate R as the ratio of the information bits k to the number of channel symbols n as R " k{n [9] . The maximum coding rate R˚pn, q in bits per channel use (bpcu) is [9] R˚pn, q " Cpρq´c V pρq n Q´1p q log 2 e,
where C and V are the positive channel capacity and the channel dispersion, respectively, defined as Cpρq " log 2 p1`ρq and 9] . The outage probability is then the expectation over the instantaneous SNR distribution as follows 1 [19] « E
B. Closed-form Expression of the Outage Probability
The outage probability in (3) does not have a closedform expression, but it can be tightly approximated as we shall see next. Let us first define gpxq "
? n
. Then, we resort to a linearization of the Q-function [26] , [20] .
and µ " a n 2π pe 2R´1 q´1 2 . Therefore, the outage probability in (3) is reformulated as " ErQ pgpxqqs "
where f X pxq represents the PDF of the SNR of link X. Proposition 1. The approximated outage probability of a communication link following Nakagami-m fading is given in closed-form in (2) on top of the next page, where , ϑ, µ and θ are defined in (4).
Proof. See Appendix A.
Corollary 1.
Notice that for m " 1, (2) reduces to the approximated outage probability for the Rayleigh fading as [18, §5] .
Thus, our proposed approximation in (2) includes [18, §5] , which was first reported in [20] , as a special case.
III. PERFORMANCE ANALYSIS OF RELAYING
In this section, we examine the outage probability in all relaying schemes considered in this work, as well as for the case of DT which is used for comparison purposes.
A. Cooperative Transmission 1) Selection Combining (SC):
In this protocol D tries to decode the messages sent by both S and R, separately. The overall outage probability becomes [27] , [28] 2) Maximum Ratio Combining (MRC): In this protocol, the transmissions from the source and from the relay are coherently combined at the receiver. Hence, the instantaneous SNR after the source and relay transmissions is Ω W " Ω Z`ΩY [27] , [28] . The outage probability is [28] 
where SRD is the outage probability after MRC of the transmissions from the source to the destination. Moreover, the ratio SRD Z comes from the conditioning of SRD on the fact that the transmission from the source to the destination failed. In order to calculate (7), first we need to define the PDF of W , a Gamma random variable equal to Z`Y , the sum of the instantaneous SNRs of the S-D and R-D links, as follows. PDF of random variable W is
where Ω Z , Ω Y and m Z , m Y are the instantaneous SNRs and the fading severity of the S-D and R-D links, respectively.
Proposition 2. The outage probability after combining the source and relay transmissions, SRD , is
where, ϑ and are specified in (4) Proof. By plugging (8) into (5) and multiplying with Kpxq, we attain (9) . Solving (9) is difficult and it does not have a closed form expression. Hence, we only work with its numerical integration whenever m ą 1.
Since (9) does not have a closed form expression for the outage probability under general Nakagami-m, we analyze the particular case when m " 1, which corresponds to Rayleigh fading. Therefore, the PDF of W becomes [18, §10] .
Lemma 1. For m " 1, the outage probability, SRD , is equal to [18, §6] .
Proof. The proof can be found in [18] . 
B. Direct Transmission (DT)
In DT, the source sends the data packets directly to the destination. Since the channel coefficients are Nakagami-m distributed, the instantaneous SNR of DT scheme is Γ Z ∼ Gammapm Z , Ω Z {m Z q. Then, the outage probability of DT is calculated according to (2) , where m " m Z , Ω Z " P S {N 0 , and is denoted as DT .
IV. NUMERICAL RESULTS
In this paper we study the performance of incremental relaying protocols under the FB regime for the Nakagamim fading. First, we compare the cooperative schemes with DT as a function blocklength and transmit power. We show that the cooperative relaying protocols outperform the DT in terms of transmit power and the blocklength under the UR region. The accuracy of our analytical model is proved via the numerical results. Unless stated otherwise, we assume n " 500 where n S " n R " n, k " 250, average SNR as 10 dB and that R is exactly midway between S and D, with β " A. On the impact of reliability improvement Fig.2 compares two distinct relaying protocols with DT in terms of the overall outage probability and fading severity. It can be clearly seen that MRC and SC outperform DT and perform closely in the entire range. In addition, higher values of m results in lower outage probability due to the improvement of LOS. Therefore, the availability of LOS should be taken into account when designing and deploying networks with stringent reliability requirements under the FB regime. Fig.3 shows that the cooperative protocols outperform DT in terms of transmit power consumption. The diversity gain achieved by the relaying schemes is more evident at high SNR and MRC performs better than SC. Hence, URC becomes feasible in case of less severe fading (larger m) and/or by utilizing cooperative schemes. Note also that the analytical and numerical results match very well. 
B. URC requirements
In Fig.4 , we examine the impact of coding rate on the performance of SC and MRC protocols with different values of m under the UR region. We illustrate that MRC protocol outperforms SC under th FB regime. For instance, with m " 1 and n " 300, MRC provides 99.99% reliability with k " 45, while SC supports equal reliability with k " 40. Hence, SC is more affected by the coding rate growth compared to the MRC protocol. Moreover, we can clearly see that improving the LOS (larger m), considerably improves the reliability in wireless communications; thus, the size of the payload is not a critical concern anymore.
In Fig.5 , we show the effect of power allocation factor on the outage probability. The optimal value of η, where the outage probability is minimized with different blocklengths, is approximately 0.62 and 0.9 for SC and MRC, respectively. From the figure, we see that in good LOS conditions more power is allocated to S, though R is needed to provide the diversity order with respect to DT and thus achieve the required reliability target.
In the following figure, we compare the delay in relaying schemes with equal power allocation η " 0.5 and optimal power allocation η " 0.62 and η " 0.9 for SC and MRC, respectively. The choice of the minimum delay δ is in such a way that minimizes the outage probability constrained to a specific interval of interest which gives the optimal values of n S and n R , and is a nonlinear optimization problem. The optimization problem numerically is solved via the Matlab function f mincon 2 . Delay δ is equal to the symbol time T s multiplied with blocklength n plus the number of retransmissions. For example, in Fig.6 , where η " 0.5, future releases of LTE foresee a minimum symbol period of T s " 8.33µs [30] and regardless of the retransmissions, 99.99% reliability is feasible via MRC protocol with δ " 3.5ms while latency reduces to δ " 1.66ms with 99.9% reliability. On the other hand, SC protocol provides 99.99% reliability with δ " 3.9ms SC 0 . 9 9 9 0 .9 9 9 9 0.9 999 9 0 .9 9 9 9 0 . 9 9 9 9 9 200 400 600 800
Blocklength -n when n S " n R . Note that DT would not be able to cope with such stringent latency requirements. Therefore, we should consider a good trade-off between the reliability and latency in cooperative communication protocols. Moreover, we indicate that applying the optimal values of η shown in Fig.5 , slightly reduce the latency in relaying schemes compared to the equal power allocation to S and R under the same assumptions; however, behavior of the protocols alters under the optimal η. Moreover, in SC with n S ‰ n R and η " 0.5, latency reduces in comparison to the case when n S " n R . For instance, when n s " 227 and n R " 219, 99.99% reliability is feasible with δ " 3.7ms compared to the case when n S " n R . Hence, different parameters such as LOS, transmit power, coding rate of each link, delay and reliability should be all considered in designing the networks to support the URC requirements.
V. CONCLUSIONS AND FINAL REMARKS
Herein we assess the relay communication under the finite blocklength regime. The performance of two relaying schemes, SC and MRC, are compared to the DT in terms of the outage probability under the Nakagami-m fading distribution. We indicate that the relaying improves the communication efficiency which is more obvious at high SNR regime through providing higher order of diversity and consuming less transmit power. Moreover, we show the optimal number of channel uses for each link for all relaying schemes considered in this work in order to meet the latency constraint under the UR region. We show that lower coding rates, improve the reliability up to 99.999%. Furthermore, we indicate that increasing the LOS, increases the reliability while the transmit power is kept low. In addition, we show that if S and R transmit with different coding rates in SC scenario, the latency reduces in comparison to the case of having equal coding rates for both direct and relay links. We also prove the correctness of our analytical model via the numerical results. All in all, we conclude that the relaying is a desirable technique in order to improve the system quality, particularly in M2M communications where low latency is a concern with short packet transmissions. In addition, relaying requires less transmit power to work under the UR region and increasing the LOS improves the reliability. More over, MRC outperforms SC and DT in terms of power consumption and latency requirements. Finally, in our future work, we will work on the cooperative relaying under the imperfect CSI with FB coding. 
